The asymmetric broadening of the stretching vibration in surface enhanced Raman scattering of CO adsorbed on cryocondensed copper films can be explained by considering dipole-dipole interaction of the molecules and elastic scattering at structures of atomic roughness. Calculated line shapes are in good agreement with the experiment, including the low wavenumber shoulder. The variation of the line shape with the CO exposure can be modelled by an increased vibronic polarizability which is consistent with the increase of the dynamical dipole moment for the chemisorbed molecule due to back donation into the CO 2p Ã orbital. Ó
Introduction
Surface enhanced Raman scattering (SERS) [1] has recently shown its potential to detect single molecules adsorbed at colloidal metal particles [2] [3] [4] and is suitable for measurements with high spatial resolution [5, 6] . Detailed analysis of the position and line shape of the vibrational bands of adsorbates can give insight to the properties of the adsorbate substrate system.
Metal films deposited at low temperatures, which consists of small microcrystals with a high density of defects [7] , show not only a strong Raman enhancement, but also interesting catalytic properties [8] . The SER-spectrum of CO on colddeposited copper films shows the restricted translation at 24 cm À1 , the Cu-CO vibration at 358 cm À1 and the restricted rotation at 283 cm À1 as well as the CO stretching vibration at 2102 cm À1 (see Ref. [9] ). At higher coverage an additional band at 1875 cm À1 appears, which can be assigned to the CO stretching vibration of molecules at higher-coordinated sites [10] . The line shape of the stretching vibration is asymmetric and develops a pronounced shoulder at lower wavenumbers with increasing exposure to CO. In the case of surface enhanced infrared spectra of CO adsorbed at colddeposited Fe films, damping of the adsorbate vibration by electron-hole pair creation [11] was used to explain the asymmetric Fano-like line shape [12] . However in SERS spectra this Fanolike line shape does not explain the experimental observed spectra [7, 10] . Our approach does not neglect the intermolecular dipole-dipole interaction of CO bonded perpendicular on copper surfaces, which results in a CO-phonon band with Surface Science 502-503 (2002) 394-398 www.elsevier.com/locate/susc negative dispersion and was used to explain the IR spectra of CO on low index copper surfaces [13] . This is different from the case of CO on colddeposited Ag films, where dipole-dipole interactions are completely scrambled. CO is adsorbed parallel to a smooth silver surface, see Ref. [14] and references there. Due to elastic scattering at structures of atomic roughness, Raman processes with wave vectors off the centre of the Brillouin zone are possible on rough surfaces. Here we follow an approach similar to the Raman scattering of phonons [15] considering the dispersion of the CO-phonon band and surface roughness, to calculate the line shape.
Measurement
Copper films were evaporated onto clean Cu(1 1 1) single crystals at T S ¼ 70 K and deposition rates of 0.1 nm s À1 using a UHV system operated at 2 Â 10 À10 Torr. The sample was connected with a flexible copper wire to a dual-stage, closed cycle helium refrigerator, so that it could be cooled down to 40 K. A filament placed below the sample allowed heating it up to 1000 K and was used to anneal the sample at T A ¼ 150 K after film preparation. The temperature was measured using a Ni/NiCr thermocouple. Exposure to CO gas by backfilling the chamber and the Raman measurements were done at T E ¼ 40 K. The exposure is given in Langmuir (1 L ¼ 1 s 10 À6 Torr); the pressure was measured with an ion gauge. A roughness factor of 8-10 which was determined by Xe-desorption in the case of 100 nm thick Cu films [16] has to be considered when comparing our exposures with measurements at low index single crystals.
Raman spectra were excited using the 647.1 nm radiation (100 mW) from a Krypton ion laser at 60°angle of incidence. The scattered light was collected with a 1:1 lens system and directed towards a double stage subtractive filter spectrometer (0.5 m focal length, f: 6.7) combined with a single stage polychromator (1 m focal length, f: 6.7). Both were laboratory built and designed for high throughput. They are provided with dielectric mirrors, which have a high reflectance in the red spectral region and ruled gratings blazed at 750 nm. Using an entrance slitwidth of 1 mm, the spectral resolution of the instrument was set to 15 cm À1 . A liquid nitrogen cooled, thinned back illuminated CCD (ISA) was used as a detector.
Raman spectra in the region of the CO stretching vibration at increasing exposures up to saturation at 5 L are shown in Fig. 1 . This asymmetric band, at 2103 cm À1 in the case of 1 L exposure, increases in intensity and develops a pronounced shoulder at lower wavenumbers. The total width of the line at 5 L is about 100 cm À1 .
Line shape calculation
In the case of Raman scattering at smooth surfaces, the wave vector of the detected vibration Q will be small compared to the dimensions of the Brillouin zone. However, surface roughness allows elastic scattering by a two-dimensional vector k r . Then Raman scattering becomes possible for vibrations, when the two-dimensional projection of Q onto the surface is q ¼ Àk r . Assuming a roughness distribution SðqÞ of the surface, the here used Ansatz to calculate the line shape LðxÞ of the vibration is [15] LðxÞ
integrated over all q of the surface Brillouin zone. Because of the weak dependence of the CO dispersion relation on the direction, the system can be treated as isotropic with dq ¼ 2pq dq. The dispersion relation of the CO stretch vibration phonon band xðqÞ is given by [17] 
a e and a v are the electronic and vibronic stretch polarizability of the adsorbed CO molecules, x 0 is the frequency of the stretch vibration in the limit of low coverage and U ðqÞ the spatial Fourier transform of the dipole field. The latter was calculated numerically for molecules at sites x i of the surface, regarding the dipole field of all the other molecules at sites x j and their image dipoles using [13, 18] U ðqÞ ¼ X j6 ¼i
where [18] . All molecules are regarded as oriented perpendicular to the metal surface; for the exclusion of the self-image term in the sum in Eq. (3), see the discussion in Ref. [18] . The calculation was performed for 200 Â 200 molecules (lattice constant 3.61 A A) and the wave vectors were taken in (1 0 0)-direction for the (1 0 0) surface and from the C to the M point of the surface Brillouin zone for the (1 1 1) surface.
In Fig. 2 a dispersion relation calculated using Eq. (2) is compared with measurements by electron energy loss spectroscopy for a 2 Â 2 adsorbate structure on Cu(1 0 0) from Ref. [19] . Also shown is a calculation for a ð ffiffi ffi
Þ30°structure on Cu (1 1 1) [18] ). The variation of these dispersion relations in wavenumbers is not broad enough to explain the CO line width in our SERS spectra. However, for a close packed 1 Â 1 structure on Cu (1 1 1) , the corresponding dispersion curve varies over a larger range using the same parameters a e , a v and x 0 . A structure with CO at on-top and bridge sites was found at saturation coverage for CO on Cu(1 1 1) by scanning tunnelling microscopy using functionalised tips at 15 K [20] . This structure with an overall coverage of 0.56 of a monolayer, contains four neighbouring CO molecules in on-top positions, so it shows locally a close packed structure.
The roughness distribution SðqÞ of the colddeposited films is as yet unknown. Here we assume a simple distribution linearly decreasing for increasing wave vectors q as shown in Fig. 3 . Using a roughness distribution with q max ¼ 1:4 A A À1 and the dispersion relation (a e ¼ 3:0 A A 3 , a v ¼ 0:23 A A 3 and x 0 ¼ 2057 cm À1 ), the line shape was calculated for saturation (see Fig. 1 ) uppermost smooth line spectrum. The main features are a band at 2103 cm À1 and a shoulder at low wavenumbers. Because no damping is considered, the calculated spectra show a sharp edge at the higher wavenumber side, which is not found in the experiment.
The coverage dependence of the dispersion relation according to Mahan and Lucas [17] is
saturation coverage is H ¼ 1. The widths calculated by this formula do not correspond to the measurement. According to Persson and Ryberg [13] , the increase of vibronic polarizability due to chemisorption is higher than the increase of the electronic polarizability. Therefore we modelled the coverage dependence by changing only a v . To obtain the experimentally observed position of the CO band, the value of x 0 had to be changed as well. The results are shown in Fig. 1 In comparison to the Fano-like line shapes used before, this method gives for the first time reasonable results for the SERS signal of CO adsorbed at rough copper. Furthermore the influence of the roughness distribution on the line shape was investigated. Fig. 4 shows calculations for different atomic roughness with q max ¼ 1:4, 1.0 and 0. 6 A A À1 .
The pronounced shoulder disappears when there are no roughness features with large q values. The experimental shoulder observed at an exposure of 5.0 L probably corresponds to the calculated shoulder at a v ¼ 0:12 A A 3 . These discrepancies in the quantitative fit probably reflect the choice of a rather simple roughness spectrum in Fig. 3 .
Discussion
The position of the CO stretching vibration at 2103 cm À1 compared to 2074 cm À1 in infrared reflection absorption spectroscopy (IRAS) on Cu(1 1 1) [21] suggests an origin in molecules adsorbed at defect sites at the rough surface of the cold-deposited film [9] . This roughness is not only essential for the surface enhancement of the Raman signal [22] , but also allows vibrations with wave vectors outside the centre of the Brillouin zone to contribute to the Raman signal. The structure and distribution on the surface of the special sites of SER enhancement [23] is yet unknown, but it is reasonable that only a small number of adsorbed molecules contribute to the Raman signal. As a result of the dipole-dipole interaction of these CO molecules, an asymmetric line shape with a pronounced shoulder was calculated in good agreement with the experimental results, when atomic roughness is present. Increasing the vibronic polarizability to increase the contribution of the dipole interaction causes an upward shift of the peak frequency, which had to be compensated by shifting x 0 downwards. The later can be explained as chemical shift caused by the back donation into the antibonding CO 2p Ã orbital. Both contributions correspond to the dipole and chemical shift in IRAS of CO on smooth surfaces [24] .
